Two forest soils from the Sierra Nevada Mountains of California were brought into the laboratory and subjected to simulated burning in a muffle furnace at several durations, oven temperatures, and water contents. Soils were analyzed for NO 3 , NH4 , total N, total C, and C:N responses to the treatments. Ammonium, which was the dominant form of inorganic N, generally increased with greater burn temperatures and durations (interpreted as higher fire severity), but decreased at the highest severity in dry soils. Increasing initial water content (IWC) diminished these responses in one soil but not in the other. Nitrate responses varied between soils, but generally increased with increasing IWC. Little or no change was seen in total N, total C, and C:N ratio except at highest severity, where C and N decreased regardless of initial moisture content. Soil temperatures measured immediately after burning increased with greater applied furnace temperatures and durations to near 100 °C, leveled off for periods depending on IWC, and then increased to 300 °C to 400 °C at higher temperatures and durations. This experiment shows that low-severity fire can cause very large and highly variable changes in NO 3 and NH4 , with little or no change in total C or N. High-severity fire has varying effects on NO 3 and NH4 , depending on IWC and soil type, but generally causes losses of total C and N. 
F
IRE has long been a dominating force in forests of the Sierra Nevada Mountains (McKelvey et al., 1996) . Beginning in the early 1900s, fire suppression substantially reduced fire frequency, creating abnomially denser forests of smaller trees, thicker understories, and thicker forest floors (McKelvey et al., 1996; Taylor, 1998; Stephens et al., 2004) . Prescribed fire is a silvicultural tool to reduce fuel loads (Monleon et al., 1997; Neary et al., 1999) . Understanding the influence of prescribed fire at a local level is vital to its effective use as a management tool.
During a wildland fire, soil surface temperatures can exceed 700 °C, depending on fuel Na tural Resources and Environmental Science, University of Nevada, Reno, NV.
2USDA Agricultural Research Service, 920 Valley Rd, Reno, NV 89512. Dr. Johnson is corresponding author. E-mail: dwi@cabnr.unr.edu Received Sept. 12, 2007; accepted Mar. 19, 2008. DOl: 10.1097/SS.06013e31817e6dd loads, fire type, and weather conditions (White et al., 1973; DeBano et al., 1979; Raison, 1979) . Propagation of surface heat into the soil is influenced by soil texture, water content, heat duration, and other soil physical properties (DeBano et al., 1976; Raison, 1979; Chandler et al., 1983) . When exposed to heat, soils with high water contents experience less temperature change than drier soils because water increases the specific heat of soil (DeBano et al., 1976; Chandler et al., 1983) . Soil water buffers temperature, absorbing heat energy by means of vaporization. Therefore, soil temperatures at 10 cm may climb to just below 100 °C, where they will pause until all water is lost through evaporation (DeBano et al., 1976) . Wetter soils also heat deeper and retain the heat longer than do drier soils because water increases soil thermal conductivity (Chandler et al., 1983) . Regardless, soil temperatures a few centimeters below the surface rarely exceed 100 °C (DeBano et al., 1976) .
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With soil temperature changes, fire-affected soils often experience significant physical and chemical changes (Raison, 1979; Certini, 2005) . Among these changes is the increase in soil NH4 that is often seen after a fire (Christensen, 1973; DeBano et al., 1979; Raison, 1979; Monleon et al., 1997; Neary et al., 1999; Grogan et al., 2000; Certini, 2005) . Nitrogen is typically the limiting nutrient in most terrestrial ecosystems, and N availability after fire can influence seedling establishment, invasive species encroachment, surviving plant health, and nonbiotic issues such as water quality (Knoepp and Swank, 1995) . Therefore, understanding the influencing factors on the presence, magnitude, and duration of the NH 4 pulse is vital to proper land management.
The postfire NH4 pulse has been attributed to the denaturing of proteins and amino acids in soil organic matter caused by elevated soil temperature (DeBano et al., 1979; Neary et al., 1999; Certini, 2005) . The size and duration of these pulses vary considerably. If soil heating is the mechanism for the denaturing of proteins and amino acids to release NH 4 , then the same variables that influence soil heating might drive the magnitude of the initial NH 4 4 pulse. The duration of the NH 4 pulse will be affected by many factors, including plant uptake, postfire microbial N uptake and N mineralization rates, nitrification, and NO 3 leaching rates (Certini, 2005; Neary et al., 1999) . Logistical problems may prevent access to the field directly after a fire, so that postfire measurements of NH4 and NO3 responses may be affected not only by the magnitude of initial abiotic effects of soil heating, but also by postfire N uptake and transformations in the soil.
The purpose ofthis laboratory study and related field experiments is to investigate the factors affecting the magnitude and direction of soil NH4 , NO3 , total C, and total N responses to fire. Field experiments were conducted using prescribed fires to assess the influence of a number of prefire variables with postfire NH4, NO3 , total C, and total N responses in two locations within the Sierra Nevada Mountains, Calif (i) a site in a mixed conifer forest near North Lake Tahoe, Calif, with soils derived from volcanic parent material and classified as Andic Haploxeralfs; and (ii) a site in a ponderosa pine (Pin us ponderosa Laws.) forest in the foothills of the Sierra Nevada Mountains east of Fresno, Calif, with soils derived from decomposed granite and classified as Ultic Haploxeralfs (Glass, 2006) . The immediate responses of soil NO3 and NH4+ to burning varied between these soils, but in both cases, the data suggested that the responses were related to fire severity. Soil moisture was not a significant factor affecting NO 3 or NH4 responses in either case, and there were no significant changes in total C or N with burning in either case. Both prescribed fires were conducted in the spring when soil moisture is greater than in the autumn; thus, we do not conclude that soil moisture can be neglected as a factor in the responses of these soils to fire. Sample variability in the field could have obscured real patterns in response to soil moisture as well as other factors, some of which are difficult to measure under field conditions.
Hence, this follow-up investigation was conducted to better quantify and interpret the factors affecting the responses of NH 4 , NO3, total C, and total N to fire in these soils by subjecting them to heating under highly controlled conditions of initial moisture, temperature, and burn duration (BD) using a muffle furnace in a laboratory setting.
MATERIALS AND METHODS

Sites
North Shore Lake Tahoe, Calf This research site is located on the north shore of Lake Tahoe, California (CA), between Kings Beach, CA, and Tahoe City, CA. Elevation is 1935 m above mean sea level and mean annual precipitation is 89 cm, most of which occurs during the winter and spring months, and about half of which is in the form of snow. Soils are from the Jorge series, loamyskeletal isotic frigid Andic Haploxeralfs derived from volcanic parent material of andesite and basalt. Vegetation at the site consists of mixed conifer overstory, including Pious jeffreyii (Grey. and Balf.) 
Soil Sampling
Bulk soil samples were taken from a depth of 0 to 10 cm, corresponding to the A soil horizon at both study sites. Soils were fieldsieved through a 1-cm wire screen and allowed to air-dry. The air-dried soils were then sieved through a 2-mm sieve and placed on a plastic tarp for mixing. Each soil was thoroughly mixed by rolling the soil in a tarp. This homogenization technique was used before each subsampling to reduce influence of surface drying.
Sample Processing and Analysis
Other than location and origin of soil type, three independent variables were imposed that would directly affect soil heating: (i) furnace temperature, (ii) initial soil water content, and (iii) heating duration. Each soil material was subj ected to the following treatment matrix:
• Temperatures: control (no heating), 100 °C, 200 °C, 300 °C, and 500°C • Duration: 2, 5, 15 mm • Initial water content (I'TC): +0% (airdried), +10%, +20% by weight. The temperatures were selected to represent the range of values noted in the literature (White et al., 1973; Raison, 1979; Chandler et al., 1983; DeBano et al., 1976; Raison, 1979; Neary et al., 1999; Knight, 1966; White et al., 1973; Blank et al., 1994) : 100 °C to simulate temperatures from mild forest and shrub burns (Raison, 1979; Chandler et al., 1983) ; 200 °C and 500 °C to simulate moderate burns (BadIa and Marti, 2003; Blank et al., 1994; Chandler et al., 1983) ; and 500 °C to simulate severe burns such as in wildfires and slash piles (Knight, 1966; DeBano, 1976; Raison, 1979; Chandler et al., 1983) .
Heating durations were based primarily on results from previous muffle furnace studies. Certini (2005) has suggested that heat duration may be the greatest cause of belowground changes in N and C status. In previous muffle furnace studies applying simulated fire effects on soil and forest floor, time durations as low as 5 mm (DeBario et al., 1976) to as high as 30 mm (Badla and MatI, 2003) have been used. Chandler et al. (1983) proposed a relationship of fuel thickness to residence time (R), where R in minutes is roughly equal to three times the thickness of the fuel (D) in centimeters.
Based on the literature and the above relationship presented by Chandler et al. (1983) , the three burn times were selected: 2 min for short duration fast moving fires like those of light litter; 5 min for fires typical of shrub understory fires; 15 min for fires occurring at areas of heavier fuel loads.
The initial soil moisture contents were selected to represent conditions ranging from moist spring conditions to dry early autumn conditions. For each treatment, 11 subsamples were created of a moist soil weight equivalent to 20 g of air-dried samples. Five of these subsamples were placed in crucibles and heated in the muffle furnace; five were placed into sample bags as controls (for monitoring changes in NO 3 and NH 4 during storage); and one was used for initial (gravimetric) water content analysis. After treatment, all subsamples (including controls that were not burned) except the 11th one used for water content were oven-dried at 50 °C for 48 h before chemical analysis. Chemical analysis was performed at Oklahoma State University Soil, Water, and Forage Analytical Laboratory. Soils were analyzed for total C, total N, extractable NH4 , and extractable NO 3 . At the Oklahoma State University Soil, Water, and Forage Analytical Laboratory, total C and N were analyzed using a dry combustion C and N analyzer (LECO, St Joseph, MI). For soil NH 4 and NO 3 , 10 g of dried ground soil were shaken with 20 mL of 1 M KC1 for 30 mm. The extractant was filtered through a Fisher P4 qualitative filter and analyzed for NH 4 and NO3 on a Lachat 8000 flow-injection analyzer.
Internal Soil Temperature
Internal soil temperature was measured in all treatment subsamples before being placed in the muffle furnace. After burning, it was possible to take internal temperature of only 390 GLASS, ET AL.
SOIL SCIENCE one soil sample before significant cooling of the samples commenced. All measured soil temperatures were taken 1 cm below the soil surface using a Fisher Scientific Precision 0.01°T hermometer reading to the nearest 0.1 °C.
Statistical Analysis
Statistical analysis on the effects of oven temperature (OT), burn duration (BD), and IWC on NO 3 , NH4 , mineral N (NO 3 + NH4 ), total N, total C, and C:N in each soil type were performed using SAS® PROC MIXED software (SAS Institute Inc, Gary, NC) using all five replicates for each treatment combination. Analysis for the effects of OT, BD, and IWC on final measured temperature was also performed using PROC MIXED, but as noted previously, there was only one measured final soil temperature per treatment. Finally, analysis on the effects of final measured soil temperature on nutrient status was performed using SAS® PROC MIXED software (SAS Institute Inc) using the average values for NO 3 , NH 4 , mineral N, total N, total C, and C:N in treatment (because there was only one final measured temperature) in each soil type.
Air-Dried IWC
The patterns for NH4 in the air-dried IWC treatment were almost identical in the two soils. In the 2-min BD treatment, NH 4 was stable from 100 °C to 300 °C, then increased sharply at 500 °C in both soils. In the 5-min BD treatment, NH4 was either stable (North Lake Tahoe) or increased slightly (Rush Creek) between room temperature and 200 °C, then increased at 300 °C, and then increased sharply at 500 °C to a level that was as high or higher than any other treatment combination. For the 15-min BD, both soils showed a sharp increase and a peak at 300 °C followed by a decrease at 500 °C. Mineral N (NH 4 + NO3 ) followed the patterns of NH4 closely because NH4 was the dominant form of mineral N in both soils for the air-dried treatments.
Nitrate patterns in the air-dried treatments differed between the two soils. Nitrate levels were fairly flat with increasing OT at all BD values in the Rush Creek soil. In the North Lake Tahoe soil, NO3 was stable with increasing OT in the 2-inin BD treatment, but NO 3 decreased at 500 °C in the 5-min BD treatment and decreased at both 300 °C and further at 500 °C in the 15-min BD treatment.
10% Initial Soil Water Content
RESULTS
Ammonium and Nitrate Responses
Figures 1 and 2 show the effects of OT, BD, and IWC on NO 3 , NH4 , and mineral N (NO 3 + NH 4 ) in soils from the two locations studied. Table 1 provides P values from the statistical analyses. For the Rush Creek soil, all factors and interaction terms were significant for NH 4 and mineral N, and all but BD (marginally significant at P = 0.052), BD x IWC and OT x BD x IWC were significant for NO 3 . In the North Lake Tahoe soil, all factors and interactions were significant for NH4 , NO 3 , and mineral N. The effects of soil (not shown) were also significant for NH4, NO 3 , and mineral N, as were all interaction terms including soil with the exception of soil x OT x BD >< IWC for NO 3 , which was marginally significant (P 0.057).
The patterns of NH4 , NO3 , and mineral N responses to treatment factors within the various treatment combinations and soils are complicated and are best summarized by water treatment.
Adding water caused the responses of NH4 and mineral N in the two soils to differ substantially. In the Rush Creek soil, NH4 increased slightly with increasing OT in the 2-mm BD-10% IWC. In the 5-min BD treatment, NH 4 began at a higher level than in the 2-min BD, but then decreased after 100 °C to levels near those of the 2-min BD. In the 15-min BD treatment, NH 4 peaked at 300 °C and then decreased in the same manner as with the air-dried treatment at 500 °C. In the North Lake Tahoe soil, NH4 fluctuated with increasing OT in the 2-mm BD treatment but showed no definite overall pattern. In the 5-min BD treatment, NH4 increased sharply at 500 °C. In the 15-mm BD treatment, NH 4 increased sharply at 300 °C and continued to increase at 500 °C. Once again, mineral N patterns were similar to those of NH 4 , the dominant form of mineral N.
Nitrate responses also differed in the two soils in the 10% IWC treatment. In the Rush Creek soil, NO 3 decreased steadily with increasing OT in the 2-min BD treatment. In the 5-mm BD treatment, NO 3 in the Rush Creek soil rose slightly at 100 °C before decreasing to a relatively stable level at higher OT values. In the 15-inin BD treatment, NO 3 in the Rush Creek soil decreased steadily with increasing OT in a pattern similar to that of the 2-min BD. In the North Lake Tahoe soil, NO 3 increased at 100 °C and then decreased in both the 2-and 5-min BD treatments. In the 15-min BD treatment, NO 3 in the North Lake Tahoe soil decreased steadily with increasing OT.
20% Initial Soil Water Content
At the highest IWC (20%), NH 4 and mineral N were substantially lower than in the drier treatments in the Rush Creek soil. The IWC treatment than in the drier treatments. Second, NH 4 concentrations in the North Lake Tahoe soil peaked at 500 °C in both the 5-and 15-inin BD treatments. Nitrate responses in the 20% IWC treatments in the Rush Creek soil were substantially different from those in the drier treatments. In the 2-and 5-min BD treatments, NO 3 peaked at 100 °C and then decreased sharply to near trace levels at higher OT values. In the 15-mm BD treatment, NO 3 decreased at 100 °C and decreased more sharply to near trace levels at higher 01 values. Nitrate responses to increasing OT and BD in the North Lake Tahoe soil were somewhat similar to those in the Rush Creek soil. In the 2-min BD, NO 3 increased at 100 °C, remained stable at 200 °C, and then decreased at higher OT values. In the 5-nun BD treatment, NO 3 peaked at 100 °C and then declined, as in the Rush Creek soil, but not to trace levels. In the 15-mm UD, NO 3 remained stable with increasing 01 until 300 °C, at which point it declined. Mineral N patterns in the North Lake Tahoe soil followed those of NH4 .c , which remained the dominant form of mineral N, but in the Rush Creek soil, NH4+ and NO 3 levels were fairly similar, and therefore mineral N appeared to reflect a combination of NH4* and NO3 responses.
Total C, Total N, and C:I\ T Ratio Responses
Figures 3 and 4 show the effects of 01, BD, and IWC on C, N, and C:N ratio for soils from both locations, and Table 1 provides P values from the statistical analyses. For the Rush Creek soil, OT, IWC, OT x BD, and IWC x 01 were significant for total N, total C, and C:N ratio. The BD was significant for C and N, and 01 x BD x IWC were significant for total C and C:N ratio. For the North Lake Tahoe soil, 01 x BD was significant for C, N, and C:N ratio; OT was significant for N and C; 13D was significant for C; IWC was significant for C and C:N ratio; and 01 x BD x IWC were significant for C and C:N ratio. The effect of soil (not shown) was significant for total N and C:N ratio but not for total C.
As expected, there was little response in total C, N, or C:N ratios at low OT and BD values in either soil. The Rush Creek soil showed a sharp decline in C, N, and C:N ratio at 500 °C, 15-nun BD at all IWC values. The North Lake Tahoe soil showed the same pattern for the air-dry and 10% IWC, but in the +20% IWC treatment, the sharp declines in C, N, and C:N ratio occurred in the 500 °C 5-min BD rather than in the 500 °C 15-nun BD. This seemingly anomalous result cannot be explained as other than laboratory or sampling error; there is no possibility of actual gains in C and N in these sieved and homogenized soils.
Final Measured Temperature Relationships
Final measured soil temperatures (PT) plotted against treatments are shown in Fig. 5 , and statistical analyses of the effects of OT, BD, IWC, and interactions are given in Table 2. The   TABLE I PROC MIXED results for two individual soils treated in a muffle furnace at varying burn temperatures, burn times, and water contents Rush Creek North Lake Tahoe FT was highest at the highest OT and 131) and at the 500 °C 5-mm BD in both soils; values, as would be expected (Fig. 5) . The BD however, IWC was only significant in the and OT were significant for FT in the North North Lake Tahoe soils, and neither the IWC Lake Tahoe soil; in the Rush Creek soil, OT x BD nor IWC x OT were significant in soils was significant, and BI) was nearl y significant from either location.
(P = 0.052). The OT x 1D interaction term The effects of FT oil , NH4 r, and was significant for FT in both soils. The IWC mineral N are significant in both soils (Table 1) sharply after 100 °C FT and then declined at Creek but only for C in the soil from North some point after 150 °C in the North Lake Lake Tahoe (Table 1) . Mean values for C, N, Tahoe soil and after 250 °C in the Rush Creek and C:N ratio plotted against FT (Fig. 7) soil (Fig. 6 ). Nitrate decreased fairly steadily showed declines at the highest FT values.
with increasing FT in both soils. Mineral N responded to increasing FT in a manner similar DISCUSSION to NH 4 , which was the dominant for mineral N in most cases. The F] was a significant factor As expected, these soils were much more for C, N, and C:N ratio in soil from Rush responsive to moisture than was indicated b y the North Lake Tahoe field experiments. Initial water content was a , 1999) . However, real changes in total C losses of total C or N, but also that there are and N in field studies can be masked by a high severity thresholds beyond which soil total N as sample variability. The very low variability in well as NH 4 and NO 3 are negatively affected soil C and N with homogenized soils in this by fire. The results of this study also suggest that study allowed us to confirm that changes in total although soil water content can have substantial effects on NH4 and NO 3 in low-severity these two soils. Burning in the spring, with soil fires, the threshold at which total C and total N moisture contents ranging from 10% to 30%, as well as NH 4 and NO3 decline is largely caused increases in NH 4 but had no effects on independent of initial water status. The high-NO 3 , total N, or total C in the North Lake severity treatments in this study (500 °C for Tahoe soil I week after the fire. These responses 15 mm) would be analogous to an intense were not related to variations in prefire moisture prescribed fire through fuels 5 cm or greater in content but were positively correlated with diameter (White, et al, 1973; DeBano, 1976 ; measured 0 horizon combustion, which was Raison, 1979; Chandler et al., 1983) . taken as in index of burn severity. This The results of this laboratory study shed laboratory study also showed that the North further light on the previous field results from Lake Tahoe soil was relatively unresponsive to initial moisture content but highly responsive to OT and BD. In the Rush Creek study, a spring prescribed fire, with soil moisture ranging from 3% to 15%, caused increases in NH 4 , decreases in NO3 , and no significant changes in total N or total C (Glass et al., 2007) . As in the North Lake Tahoe study, the responses at Rush Creek were not related to variations in soil moisture but were related to burn temperature (as indexed by pyro paints on ceramic tiles). This laboratory study showed that NH 4 1 and NO 3 in the Rush Creek soil responded strongly and systematically to IWC, as well as OT and BD. Thus, the results of this laboratory study suggest that burning under dry soil conditions at Rush Creek (e.g., a fall burn instead of a spring burn) would cause greater initial responses in NH4 and mineral N than were observed at higher soil moisture contents.
These results have implications for N availability to vegetation after a fire. This study provides an indication of the immediate abiotically mediated effects of fire on soil NH4 and NO3 before the situation is confused by postfire microbial or vegetation uptake, nitrification, NO 3 leaching, or other N transformations. Species that are highly responsive to N, such as Bromus tectorum (L.) (Rimer and Evans, 2006) , may be favored by fires of intennediate severity, where mineral N is increased and total N is not significantly affected. On the other hand, higher-severity fires that cause declines in both mineral and total N in soils should disfavor N-loving species by causing reductions in both total N and mineral N concentrations.
